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Various solvents stimulate the catalytic activity of hrclly luciferase. up to ;^enfold. 
Polyvinylpyrrolidone, polyethylene glycols, and non.on.c : deter K en is such as Tnton .* 
100 were the most effective stimulators of the enzyme. Both peak l.«ht and total light 
emission were enhanced in the presence of these solvents indicating an increased turn- 
^Tthe^nSmi" The primary effect of the solvents is on the ox.dative reaction 
mJer than tSe activation reaction. All the experimental data support the hypothesis 
[hat the presence of solvent promotes the dissociation of the mh.b.tory product from 
the enzyme. 



Firefly luciferase from I'hntitnts pyntlis 
has been extensively studied liy many in- 
vestigators since it was first crystallized 
by Green and McElroy in U>r>f» (ll. The 
enzyme catalyzes the oxidative decarbox- 
ylation of luciferyl-adenylatc as shown in 
the following reactions: 



Mir' 



D-LH/ + ATP + E ^ 



E-LH 2 AMP + Pl\ [1] 
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K • LIljAMP + Os- 

K-P I CO, v AMP + hv [2] 

The first reaction (1| is the activation of 
lucifurin to form an enzyme bound lucif- 
ervl adenylate and /'/V This reaction is 
relatively specific for ATP and in order for 
reaction [2] to proceed D-LH 2 is required, 
L-LIL is inactive for light emission. Re- 
action [2] is the oxidative decarboxylation 
of the bound lucifcryl adenylate and pro- 
duces an enzyme-product complex, CO* 
AMP, and light. When substrates are pres- 
ent at saturating concentrations, the en- 
zyme is strongly inhibited by the product, 
oxylucifcrin, and normally turns over only 
twice (2). In addition to the above reac- 
tions, luciferase will also catalyze reaction 
[3] the activation of the competitive inhib-: 
itor dehydroluciferin (L) to form a tightly 
bound complex, E • LAMP. ^ 

L + ATP + E E • L-AMP + PP\ Rg 

Since dehydroluciferin cannot be oxidized 
the reaction stops at E • L-AMP. .:| 
High concentrations of AMP, PP V an 
anions such as SO*~ are inhibitors of the 
enzyme (3). Prior to this study there were 
no examples of substances that would- 
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^stimulate enzymatic activity. In this paper 
'ye present results of the effects of various 
solvents on the catalytic activity of lucif- 
erase. Enzymatic activity was stimulated 
by these solvents up to sevenfold. 

MATERIALS AND METHODS 

^.Glycylglycine, Tricine, and Hepes were obtained 
y.from Sigma Chemical Company, St. Louis. Missouri 
£ 63178. Adenosine 5'- triphosphate and bovine scrum 
> albumin (A grade) were obtained from Calbiochem- 
• Behring Corporation (La Jolla, Calif. 92122). Lucif- 
|erin and dehydroluciferin were synthesized as de- 
Vscribed previously (4). Firefly luciferase was purified 
^according to the procedure of Green and McElroy 
(1). Bacterial luciferase was purified from a frozen 
i cell paste of Beneckea harveyi, and was assayed as 
^described previously (5). Inorganic [^Jpyrophosphate, 
' specific activity 20 mC/pmol, was purchased from 
;New England Nuclear, Boston. Massachusetts 02118. 

Solvents 

Nonionic Polyethylene glycol (PEG. approximate 
molecular weights 600 and 8000)* polyvinylpyrroli- 
done (PVP, average molecular weight 40.000). dex- 
tran (clinical grade, average molecular weight 
; 173,000), and polyoxyethylcne sorhitan monolauratc 
(Tween 20), were purchased from Sigma Chemical 
Company. PEG (Aquacide III; average molecular 
weight 20,000) was obtained from Calhiochem-Bchr- 
ing Corporation. Ethylene glycol, propane- 1 ,2-diol, 
and glycerol were supplied by Mallinckrodt Inc. 
Paris, Kentucky 40361. Triton X-100 (average molec- 
ular weight 646) was obtained from A. J. Lynch and 
Company, Los Angeles. California 90058. Lauryl mal- 
toside and octyl glucosidc were gifts from Professor 
Shelagh Ferguson-Miller (Department of niochem- 
istry, Michigan Stale University. East Lansing. Mich. 
48823). 

A sample of pure PEG 8000 (without added anti- 
oxidants) was kindly supplied by Dr. Louis F. Theil- 
ing, Union Carbide Corporation. South Charleston. 
fWest Virginia. 

. Cationic. Celyltri methyl ammonium bromide was 
purchased from Sigma Chemical Company. 

Anionic. Sodium lauryl sulfate and sodium deoxy- 
cholate were obtained from Sigma Chemical Com- 
pany. 

? ZwiUerionie. Zwittergent 3-14 (A T -tctradecyl-iV\iV- 
dimethyl-3-ammonio-l-propanesuIfonote) was pur- 
chased from Calbiochem-Behring Corporation. 

Firefly luciferase assay. The stock assay mixture 
- consisted of 8 ml glycylglycine buffer (0.025 M, pH 
7^), 0.5 ml magnesium sulfate (0.1 M. pH 7.8). and 
'08 ml luciferin (10*" M). Luciferase (10 pi, 80 pmol/ 
ml) was added to 400 n\ of assay mixture, and the 



reaction was initiated by injection of 100 pi of 0.02 
M ATP. The peak light intensity was recorded with 
an Aminco Chem-Glow photometer (American In- 
struments Company, Silver Springs, Md. 20910). To- 
tal light emitted was calculated from the area under 
the light- time curve. 

Investigation of Effect of Different 
Solvents on the Bioluminescent Firefly 
Luciferase Reaction 

Solvents were prepared in phosphate buffer (0.1 M, 
pH 7.0). The pH of the solutions was adjusted to pH 
7.0 using either sodium hydroxide or hydrochloric 
acid. 

The solvent (50 pi) or as a control, 0.1 M phosphate 
buffer, pH 7.0 (50 pi), was added directly to the assay 
mixture (350 pi). The enzyme was then added to this 
mixture and luciferase activity determined as de- 
scribed previously. 

In order to achieve very high solvent concentra- 
tions in the assay mixture, the solvents were made 
up to the appropriate concentration in the glycylgly- 
cine buffer and used instead of this buffer in the assay 
mixture. A range of concentrations of the following 
solvents was studied: PEG 600 (0-50 g/liter), PEG 
8000 (0-50 g/litcr) PEG 20.000 (0-25 g/liter), PVP 
(0-20 g/liter) dcxtran (0-10 g/liter) Triton X-100 (0- 
16 mM). Tweon 20 (0-8.2 mM). ethylene glycol (0-0.8 
M). propanc-l,2-diol (0-0.66 M). glycerol (0-0.54 M), 
sodium deoxycholatc (0-1 mM). sodium lauryl sulfate 
(0-3.5 mM), cctyl trimcthyl ammonium bromide (0- 
6.9 mM). lauryl maltosidc (0-10 mM). octyl glucoside 
(0-20 mM). and Zwittergent 3-14 (0-1 mM). 

Spectra of emitted tight. The spectrum of the light 
emitted by firefly luciferase reaction in the presence 
of PVP, PEG. and Triton was measured using a Spcc- 
trofluoromcter Mark I (Farrand Optical Co., Inc.. 
NY). The reaction was initiated hy adding ATP and 
allowed to proceed for 30 s until the light output was 
constant; then the emission spectrum was measured. 

n P- Inorganic pyrttfittonphate exchange. M /V*, ex- 
change into ATP was measured as a function of time 
in the presence of 1 x 10"* M dehydroluciferin and 
5 pg of enzyme. The assay conditions were the same 
as described by Mehler and Stern (6). 

L-AMP titration. The number of binding sites for 
L-AMP on the enzyme can be determined by mea- 
suring the fluorescence of dehydroluciferin in the 
presence of enzyme and ATP-Mg*\ The enzyme 
bound L-AMP is essentially nonfluorescent whereas 
free L is fluorescent (7). 

Aliquots of L are added to the enzyme and ATP- 
Mg** and the fluorescence is monitored after each 
addition. When all of the sites are saturated with L- 
AMP, further addition of L reaulU in a marked in- 
crease in fluorescence. In a typical experiment 4 
x 10** M luciferase in 0.025 M glycylglycine. pH 7.8. 
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containing 2 X 10 a M ATI' and 5 x in 3 M M«S(> 4 wan 
mixed. L was added in 10-pl increment* and ihe llu- 
orescencc measured after each addition. Kach addi- 
tion increased the concentration of L in the cuvette 
by 5 x 10 " ? M. Fluorescence was measured on a Per- 
kin-Elmer MPF-44A Spoctroiluoromeicr with an e.v 
citing wavelength of 35S nm and emission at 551 nm. 

EjTi'ct t(f protein i/n fiulwit atimulatiuu nfthvjxrvjly 
Uicifcntxc reuctitm. Luciferase assay hulTer 13.141 pit. 
50 ti\ of PEG 8000 (250 g/litcM. 5. 10. 25. 50. or 100 
p l of USA (80 m«/mlj in phosphate hulTer 10.015 M. 
pH 7.4) containing so<lium chloride CI tf/lilerl. and 
10 pi of fireily luciferase in phosphate butter (0.1 M. 
pll 7.0) were placed in an assay lube. The total vol- 
ume was adjusted to 500 pi by addition of phosphate 
hulTer (0.1 M. pH 7.0). A lOO-pl aliquot of ATP 1 0.02 
M. pH 7.0) was then injected and the j>cak light emis- 
sion measured. Similar experiments were |*rf united 
with 10 and 40 mg/ml USA solutions. The elTect of 



USA on the PVP-. Trit«m-. Inuryl maltoside-, and | 
Zwittt-riseni-stimulautl fireily reaction was investi- | 
gati-d in a similar fashion. 

!><4yacrytamiii»- </»><* |/<J rhvtruphuresis. This was £ 
carried out in 7..V3 gels in 0.05 M phosphate buffer, j 
pH SO. for 4 h at SO V. Samples of luciferase (10 /ig) 3 
and a-* a control catalase I 10 pg> were eleclrophoresed | 
in the presence and in the absence of Triton (2mM), ^< 
PKC 2O.00U (25 g/lileri and I'VP (5 g/liter). 

RESULTS 

Talilf I summarizes thi; data obtained, 
with various solvents. Stimulation or in- J 
hibition of lirclly luciferase activity was| 
dependent on the concentration of the sol- 1 
vent in all cases. ^| 

Figure 1 illustrates the concentration | 
dependence of the stimulation by various;* 



TABLE ! 

EFFECTS OK SULVKST* <>N THK CATALYTIC ACTIVITY UF FlKKFLY LUCIFKKASE 



Solvent 

A. Nonionic 

Ethylene glycol 
Propane- 1.2-diol 
Glycerol 
PKG GOO 
PEG 8000 
PEG 20.000 
PVP 40,000 
Dextran 173.000 



Optimal final 
concentration 



Relative activity 
based on peak light emission 
t fT r control) 



0.8 M 
U.titi M 
0.54 M 

fill g/lilcr (83 mM)" 
50 g/liter (6.25 n\Slf 
25 **/!Ucr (1.15 mM) - 
5 g/liler (0.115 inM) a 
10 g/liter (58 pMI 



200 
2<M> 

2W 
;i20 
327 

382 
(VlO 
136 



- -4 

I 
1 



I 



Micelle-forming solvents 

B. Nonionic 
Triton X-100 
Tween 20 
Lauryl maltoside 
Octyl glucoside 

C. Cation ic 
Cetyltrimethyl ammonium 

bromide 

D. Anionic 
Lauryl sulfate 
Deoxycholatc 

E. Zwitierionic 
Zwittergent 3-14 



0.75 mM 
0.82 mM 
0.5 mM 
*l mM 



G.9 mM 

3.5 mM 
1 mM 

1 mM 



500 
450 
545 
200 



-iOO 6 

-1O0 
-1O0 

544 



• Molar concentration based on the average molecular weight. 
b Concentration at which complete inhibition was observed. 
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CONCENTRATION fg/J) 

FIG. 1. Concentration dependence of stimulation of 
peak light emission of a firefly lucifcrase reaction by 
PVP, PEG 8000. and PEG 20,000. Concentration 
shown is final concentration in assay tube. 



nonionic substances (Group A, Table I). 
Stimulation was observed in a variety of 
buffers (glycylglycine, phosphate, Hepes. 
Tricine). PEG stimulation increased with 
increasing average molecular weight of 
the PEG. At very high PEG 8000 concen- 
trations (200 g/!iter) a diminution in the 
stimulation was observed. Among the sub- 
stances in Group A (Table I), PVP pro- 
duced the largest stimulation of the lucif- 
erase reaction. In the presence of PVP or 
PEG a marked foaming was noticed in tin- 
spent assay mixture. A control experiment 
using bacterial lucifcrase in the presence 
or absence of PEG or PVP revealed that 
the foaming did not impair light detection. 
Light production by this cnzvmc was the 
same with or without PEG. 

The concentration-dependent stimula- 
tion of the lucifcrase reaction by nonionic 
micelle-forming substances (Group B. Ta- 
ble I) was markedly different from that 
observed with substances which do not 
form micelles (Group A). For example, at 
low Triton concentrations no stimulation 
was observed, but above a certain critical 
Triton concentration a sudden and dra- 
matic stimulation occurred (Fig. 2). A sim- 
ilar concentration dependence of the stim- 
ulation was observed with the other non- 
ionic surfactants investigated (Tween 20. 
lauryl maltoside. octyl glucoside). 

Anionic and cationic surfactants (Grou|»s 
Cand D, Table I) completely inhibited the 
aciferase reaction at high concent rat ions. 
Inhibition diminished as the concentra- 



tion of these substances in the assay 
buffer was progressively lowered. 

In contrast to the anionic and cationic 
surfactants the zwitterionic surfactant 
"Zwittcrgent" (Group E, Table I) stimu- 
lated lucifcrase activity and the stimula- 
tion showed a concentration dependence 
similar to that observed with the nonionic 
surfactants (Group B). 

Different Firefly Lnciferase Preparations 

In order to preclude the observed stim- 
ulation being an artifact of the particular 
firefly lucifcrase preparation, two other 
preparations were tested. PEG gave com- 
parable stimulations with both of these 
preparations. 

Wavelength of the Emitted Light 

The wavelength maxima of the emitted 
light of the luciferase reaction in the pres- 
ence or absence of various solvents were 
identical within experimental error and 
agreed with the previously published value 
of r>f>0 nm (8). 

Kinetics 

The only apparent differences in the ki- 
netics of light emission were observed in 
the presence of Triton and Tween. Figures 
3A. B, and C show the time course of light 
emission from a control, a Triton-stimu- 



H wo 



V 



COttWRATlON fi»M| 

Kl«5. 2. Concentration dependence of stimulation of 
|>enk litfht rmi.Hj.inn of a fircfiy lucifcrase reaction bv 
Triton X-IIH). fonemtration shown is ftna| conrcn . 
t ration in a*Mav IiiIm*. 
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Fl(i. 3. Kinetics of firefly luciferase bioUmiiiu'seenct*. 1A1 control; (H) in the presence of Triton 
(0.05 mM); and (C) in the presence of Tween (0.75 mMj. Knzyrne concentrations were identical in 
all three experiments and the recorded lijjhi intensities are directly comparable. 



lated, and a Tween-stimulated reaction, 
respectively. Flash height was increased 
by Triton and by Tween, and for the latter, 
the time to reach peak light was more ra- 
pid than was observed with the control 
(Fig. 3). The decay of light emission, which 
reflects the rate of product inhibition, 
from the Triton-stimulated reaction was 
significantly slower than that of the con- 
trol (Fig. 3A vs B). Measurement of the 
total light emitted during a three-minute 
period revealed a comparable stimulation 
in peak and total light emission for both 
the Triton and Tween-stimulated reac- 
tions. 

Order of Addition of Substrates 

If luciferin or luciferase is injected to 
initiate the reaction rather than ATP, 
then the Triton stimulation of peak light 
emission was abolished but total light 
emission was increased twofold. Again the 
decay rate was slower than that of the 
control. 

Injections of solutions of Triton or PEG 
after the initial flash of light caused a slow 
increase in light output which peaked and 
then slowly decayed (Fig. 4). A similar 
increase in light ouput was observed 
with PEG. 

Mechanistic Studies 

The Michaelis-Menten constants (K m ) 
for luciferin and for ATP-Mg 2f in the pres- 



ence of PEG and in the presence of Triton 
were unchanged from values obtained in 
the absence of these solvents. In order to 
determine if the Triton and PEG were 
unmasking additional active sites on the 
enzyme, titration of the active sites with 
L and ATP-Mg 2 * was done in the presence 
and absence of these substances. In all 
cases one L-AMP was formed per 100,000 
daltons of enzyme in agreement with pre- 
vious results 

Another measure of the activation re- 
action, Eq. [1 ), can be determined from the 
rate of exchange of TJ /7 , i into ATP in the 
presence of L. Triton caused a small (30%) 
stimulation of the exchange rate; however, 
this is not nearly as great as the observed 
enhancement of light emission. 




TIME (minutes) 



FiC. 4. Effect of a postflash injection of Triton onj| 
the kinetics of the firefly luciferase reaction. At 0^ 
time ATP was injected into a standard luciferase^ 
assay mixture. At the point indicated, 50 pi of 4 mM>$ 
Triton was injected. £$ 
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FlC. 5. Effect of BSA on PEG 8000-sti mutated fire- 
fly bioluminesccncc. Concentration shown is final 
concentration in assay tube. Assay conditions arc 
described under Materials and Methods. 



Protein Effects 

BSA (4 mn/ml in assay mixture) pro- 
duced a twofold stimulation of peak light 
emission. However, BSA produced a con- 
centration-dependent reduction in the 
PEG, PVP, Triton, lauryl maltoside. and 
Zwittcrgent stimulation of the luciferase 
reaction (e.g., Fig. 5). 

Gel Electrophoresis 

When luciferase is electrophoresed in 
7.5% acrylamide gels in phosphate buffer, 
between four and five hands are seen, pre- 
sumably due to aggregation of the enzyme. 
If the gels are run in the presence of Tri- 
ton, none of the enzyme moves into the 
gels. Catalase, M r 232,000 daltons, mi- 
grates into the gel in the presence of Tri- 
ton. Apparently the Triton and luciferase 
form a large complex which is excluded 
from these gels. In gels containing PVP 
or PEG the migration of luciferase and the 
control (catalase) was also reduced. 

DISCUSSION 

The hioluminescence of the firefly lucif- 
erase reaction is stimulated by a variety 
of substances with differing molecular 
weights and chemical properties. Gener- 
ally, nonionic surfactants are the most 
effective stimulants for the reaction and 
for these substances the most probable 



mechanism is one involving micelles. The 
relationship between stimulation and sur- 
factant concentration shows the charac- 
teristic abrupt change in stimulation above 
a certain critical surfactant concentration 
which approximated to the critical micelle 
concentration (CMC). The observed CMC's 
based on stimulation of luciferase activity 
were— Triton X-100, 0.75 mM; Tween 20, 
0.82 mM; laurylmaltoside, 0.05 mM; octyl 
glucoside, 9 mM: literature values are 0.12, 
0.24, 0.2, and 20 mM (10), respectively. 

PEG, which does not form micelles, and 
Triton, which does form micelles, were 
chosen for extensive investigation. Both 
of these stimulate light production be- 
tween 1.5- and 5-fold. The stimulation is 
not due to an unmasking of additional ac- 
tive sites as demonstrated by the titration 
with L and ATP-Mg* in the presence or 
absence of the polymers. It is not due to 
a change in A' m *s for the substrates. It is 
not likely that either PEG or Triton are 
concentrating \AU near the active site of 
the enzyme, since LH 2 is present in satu- 
rating concentrations in the experiments. 
The oxidative reaction is effected since 
there was very little increased activity in 
the *77\- ATP exchange reaction. While 
the exact mechanism of the stimulation 
is unknown, there must he increased turn- 
over of t he enzyme in the presence of these 
solvents. This is apparent from the in- 
creased total light obtained and also since 
the quantum yield of the reaction is 0.88 
it is not possible that the stimulation is 
due to an increased quantum yield (11). 
The stimulation of luciferase by PEG and 
Triton after the initial flash of light (Fig. 
•I) when the enzyme is product inhibited 
is compelling evidence that both PEG and 
Triton are increasing the turnover of the 
enzyme. One reasonable explanation is 
that the polymers bind to the enzyme in 
such a manner that the product molecule, 
winch is inhibitory and normally tightly 
bound, is somehow more readiiy disso- 
ciated. 

An interesting observation is that Tri- 
ton docs not stimulate peak height if the 
enzyme reaction is initiated by injecting 
LI!- or enzyme. However, in both cases the 
total light was increased. When enzyme 
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is mixed with LII 2 and ATP injected, both 
peak litfht and total litfhi are stimulated. 
The nonequivalence of the results when 
LH 2 , ATP, or enzyme initiates the reaction 
suggests that interactions between Triton 
micelles and the enzyme and substrates 
are different and cither irreversible or 
only slowlv reversible in the heteroge- 
neous reaction mixture. Most light is ob- 
tained from reactions in which Triton and 
LH 2 are mixed together, i.e., enzyme or 
ATP injection. Results from two-phase 
water/Triton experiments show that LIU 
distributes preferentially into the Triton 
phase. Thus interaction between enzyme 
and LH. contained in Triton micelles may 
be a key event in the stimulation of light 
output/ The enzyme is known to undergo 
a large conformational change during re- 
action (12) and it is possible that the Tn- 
ton-LH* enzyme interaction promotes this 
conformational change. There are several 
reports of binding of Triton X-KK) to pro- 
teins (13) and the inhibition of stimulation 
by BSA suggests that [ISA may compete 
with the enzyme for binding to Triton, 
thus preventing the stimulation. 

The mechanism proposed for the Triton 
stimulation cannot operate for substances 
such as PEG, which does not form mi- 
celles. Although it has been shown that 
PEG does not bind to certain soluble pro- 
teins (14), firefly luciferase is a very hy- 
drophobic protein and thus may be an 
exception (7). Thus luciferase:PEG ag- 
gregates mav act in a similar manner 
to luciferase:Triton aggregates. Evidence 
from gel electrophoresis supports this hy- 
pothesis. In the presence of PEG and also 
in the presence of PVP, electrophoresis 
was impaired, which suggests the forma- 
tion of high molecular weight complexes. 
However, an alternative explanation is 
that in the presence of PEG the enzyme 
precipitates at the top of the gel (1.5). 

Anionic and cationic surfactants failed 
to stimulate the luciferase reaction. The 
reasons for this are obscure since posi- 
tively charged micelles formed from cat- 
ionic surfactants would be expected to 
stimulate the luciferase reaction, since all 
of the substrates are negatively charged. 
Stimulation by the lower molecular 



weight substance, e.g.. ethylene glycol and: 
glycerol, is clillicult to explain. Both are:: 
widely used to stabilize enzyme (16) but;, 
we are unaware of any reports of stimu- 
lations of enzyme turnover. 

The rates of many organic reactions are 
altered by surfactants. This type of stir* 
ulation is normally explained in terms of - 
solubilization and concentration of reac-; 
tants by micelles (17). Studies of enzyme- 
catalyzed reactions in the presence of su% 
factants is less extensive (18). Both in- 
creased and decreased rates of reaction- 
have been observed depending upon the; 
particular enzyme and surfactant For ex-, 
ample, Triton X-100 stimulates the activ, 
ity of glucose-6-phosphate phosphohydrth, 
lasc; whereas sodium lauryl sulfate and^ 
Tween 20 inhibit the activity of this en : 
zyme (19). An apparent stimulation of a 
lactate dehvdrogenase-mediated reduc-^ 
tion of tetrazolium salts by Triton X-100 
has also been described (20). No detailed 
mechanistic interpretations or generaliza- 
tions have been proposed to explain Wg 
cello effects on enzyme catalyzed rea<£ 
tions In the solvent-stimulated luciferase 
reactions described here, solvents such as 
Triton and PEG stimulate enzyme activity 
by increasing the turnover of the enzyme; 
but as yet the exact mechanism of A « 
stimulation remains unknown. 
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